Purposes We examined the relationships of ganglion cell complex (GCC) parameters determined on spectral-domain optical coherence tomography (SD-OCT), especially the width of abnormal areas, and its ability to detect various stages of glaucoma. Methods OCT parameters of glaucomatous and normal eyes were determined with the RTVue SD-OCT. Widths of abnormal GCC areas marked by either red or yellow on the OCT significance map were quantified with image J software. The relationships between the abnormal GCC area and other GCC parameters [thickness, focal loss volume (FLV), and global loss volume (GLV)] and the peripapillary retinal nerve fiber layer (RNFL) thickness were determined using regression analyses. The potential of using the GCC and RNFL parameters to discriminate between glaucomatous and normal eyes was examined using the area under the curve (AUC) of receiver operating characteristics (ROC). Results One hundred and eighteen glaucomatous eyes and 45 normal control eyes were studied. Nonlinear models best described the relationships between abnormal GCC area and other GCC parameters. Scatter plots showed changes in the average thickness of the GCC and RNFL, and the average sizes of the GLV preceded changes of abnormal areas of the GCC. The width of the abnormal areas on the GCC thickness map was comparable with other parameters for diagnosing glaucoma. Conclusions OCT thickness parameters appeared to decrease faster than the area parameter at the initial stage of glaucoma. The sizes of abnormal areas of the GCC were the most pertinent parameters for detecting glaucoma.
Introduction
Glaucoma is an optic neuropathy characterized by death of retinal ganglion cells (RGCs) and defects in the corresponding visual field [1] [2] [3] . A significant loss of the RGC population can occur prior to detectable visual field deficits, and structural losses can precede detectable function losses by up to 5 years [4, 5] . Detecting glaucomatous eyes at the asymptomatic stage is ideal for glaucoma management, as glaucoma can cause irreversible loss of vision. Both macular thickness and peripapillary retinal nerve fiber layer (RNFL) changes measured by optical coherence tomography (OCT) have been shown to be significantly correlated with the presence of glaucoma [3, [6] [7] [8] [9] [10] . The new generation of spectral-domain OCT (SD-OCT) instruments enables clinicians to measure the combined thickness of the nerve fiber layer, the ganglion cell layer, and the inner plexiform layer, collectively known as the ganglion cell complex (GCC) [8] . All parameters related to GCC measurements are color coded to indicate significant GCC thickness reductions. So far, little attention has been paid to the size damaged areas of the GCC marked by either red or yellow on the significance map. The relationships between the size of abnormal GCC areas and other OCT thickness parameters have not been completely elucidated.
The purpose of this study was to determine the relationships among OCT parameters, especially abnormal GCC areas. To accomplish this, we used both linear and nonlinear regression analyses to evaluate the relationships between the expanse of abnormal GCC areas and other OCT parameters [GCC thickness, global loss volume (GLV), focal loss volume (FLV), RNFL thickness]. We also examined the ability of OCT parameters to predict visual field test results and detect glaucoma.
Patients and methods

Patients
This was a retrospective, cross-sectional study. All patients were examined in the Department of Ophthalmology Outpatient Clinic of Hiroshima University Hospital, Japan, between March 2008 and December 2011. The procedures used adhered to the tenets of the Declaration of Helsinki and were approved by the Ethics Committee of Hiroshima University, Japan. Informed consent was obtained from all patients after they were provided with an explanation of the nature and possible complications of the examination procedures. All patients underwent standard ophthalmological examinations including best-corrected visual acuity (BCVA), Goldmann applanation tonometry, slit-lamp examination, gonioscopy, dilated fundus biomicroscopy, color and red-free fundus photography (Fundus camera TRC 50 EX, Topcon, Tokyo Japan), visual field testing (SITA 24-2 standard) with an automatic static perimeter (Humphrey Field Analyzer-Carl Zeiss Meditec, Dublin, CA, USA), and RTVue SD-OCT imaging (Optovue, Inc., Fremont, CA, USA; software version 4.0.5.100) for the glaucoma group after pupil dilation. All examinations were performed on individuals in a single day.
Based on the Japan Glaucoma Society Guidelines, an eye was diagnosed with glaucoma if it had neuroretinal rim loss or notching of the optic disc, focal thinning of the nerve fiber layer, disc hemorrhage, peripapillary atrophy, typical glaucomatous visual field defects, and vertical elongation of the optic cup with a cup to disc ratio (C/D ratio) of C0.9, a width of the superior pole (11:00-1:00) or inferior pole (5:00-7:00) rim to disc ratio (R/D ratio) of B0.05, or a difference between the vertical C/D ratio in both eyes of C0.3 on fundus photographs [11] . The visual fields were considered reliable when the fixation losses were \20 % and false-positive and false-negative errors were \15 %. A visual field defect was concluded to be present if the pattern deviation probability plot showed a cluster of three or more contiguous points that were significantly different (P \ 0.05), with at least one at the P \ 0.01 level on the same side of the horizontal meridian; if the pattern standard deviation (PSD) had a value that was \5 % of normal reliable fields; or the glaucoma hemifield test indicated that the field was abnormal. Glaucoma severity was determined according to a modified HodappAnderson-Parrish grading scale based on the mean deviation (MD) of the visual field [12, 13] . Early glaucoma was defined to be present when the MD of the visual fields was C-6 dB, moderate glaucoma was defined as eyes with an MD of -6 to -12 dB, and severe glaucoma was defined as eyes with an MD \-12 dB [9] .
The normal control eyes had intraocular pressure of \22 mmHg, no history or evidence of intraocular surgery, or there were no first-degree relatives with glaucoma. They also had no visual field defects or abnormal ophthalmological findings that indicated the presence of any disease except for mild cataracts and refractive errors. All normal and glaucomatous eyes had a BCVA of 20/40 or better, with a refractive error between ?3.00 and -6.00 diopters and wide-open angles without synechiae or nodules.
OCT measurements
An RTVue Spectral-domain OCT system was used to scan the posterior pole of the eye. The protocol for obtaining the GCC measurements consisted of one horizontal scan of 7 mm in length, followed by 15 vertical scans of 7 mm in length at 0.5 mm intervals centered 1 mm temporal to the fovea. The GCC thickness was measured from the internal limiting membrane to the inner plexiform layer. The RNFL 3.45 mode of the RTVue SD system measures the peripapillary RNFL thickness along the circumference of a 3.45-mm-diameter circle around the optic disc. GLV measures the average amount of GCC volume loss over the entire recorded GCC field and is analogous to the mean deviation (MD) values in the visual field tests. FLV is used to detect focal losses to correct for overall absolute changes, much as the corrected PSD in the visual field tests [9] .
The results were color-coded to indicate whether or not there was a significant reduction in GCC or RNFL thickness; P \ 1 % was color-coded red, P \ 5 % yellow, and P C 5 % green [14, 15] . Images were not used when signal strength index was \40, there was a presence of a misalignment in the surface-detection algorithm, or there was an obvious decentration of the measurement circle.
Abnormal GCC area-width measurements Abnormal areas of the GCC on SD-OCT images (yellow and red areas) were analyzed with image J version 1.37v (National Institutes of Health, Bethesda, MD, USA) software. The picture file was opened using the image J software, the borders of the yellow and red areas were marked, and the width of each area was calculated separately (Fig. 1) . The size of the abnormal GCC area was expressed in pixel square units. OCT images were taken by two certified OCT operators, and abnormal GCC areas were measured by two of the authors MAL and UR. The reliability of measurement results was calculated using the intraclass correlation coefficient (ICC) and 95 % confidence interval (CI), with an ICC of 0.96 (95 % CI 0.925-0.98).
Statistical analyses
Significant differences in GCC and RNFL thickness of normal and glaucomatous eyes was determined using t tests. An analysis of variance (ANOVA) and Tukey's multiple comparison tests were used to compare findings in the different glaucoma severity groups. The relationships among GCC parameters, including abnormal GCC areas, and those between GCC parameters and MD, the number of depressed points with P \ 0.5 % at PSD were evaluated using linear and nonlinear (second-order and third-order polynomial) regression analyses. Akaike Information Criterion (AIC) was used to test whether the alternative nonlinear model (second-order or third-order polynomial) fit the data better than a linear model.
The ability of GCC parameters and RNFL thicknesses to predict different stages of glaucoma using the area under the curve (AUC) of receiver operating characteristics (ROC) with 95 % confidence interval (CI) was determined. AUC values were compared to find significant differences using the nonparametric one-way and pairwise signed-rank test [16] . A P value \0.05 was considered statistically significant. Statistical analyses were performed using the JMP 9.0 version software program (SAS Institute Inc. Cary, NC, USA). Results
Patients
We studied 163 eyes: 45 normal, 41 with early glaucoma, 37 with moderate glaucoma, and 40 with severe glaucoma. Patient demographics are presented in Table 1 . Differences in characteristics between the glaucoma and normal groups and among glaucoma groups were not significant, except for the differences in MD and PSD between normal and glaucoma groups (P \ 0.0001 for both).
OCT measurements GCC and RNFL thickness of normal and glaucoma groups are shown in Table 2 . Thicknesses between normal and glaucoma groups and among glaucoma groups at different stages of severity were significant (all P \ 0.0001). Abnormal FLV, GLV, and GCC areas were smallest in the normal group, and all of these parameters increased as glaucoma severity increased (P \ 0.0001).
Relationships among GCC parameters
Among the models tested, the lowest AIC score represented the best model for describing the relationship between parameters [17] . P values between linear and second-order regression models and linear and third-order regression models are included in the tables. By applying the information theory, it is possible to choose the best model based on the lowest AIC score without paying attention to the significance values (P values) [18] [19] [20] [21] .
Relationships between the width of the abnormal GCC area and the sizes of the other GCC parameters and average RNFL thickness are presented in Table 3 and plotted in Fig. 2 . Relationships between the size of the abnormal GCC area and the average GCC thickness, RNFL thickness, and GLV were best described by third-order regression models, whereas relationships between the size of the abnormal GCC area and the FLV was best provided by second-order regression models. Changes in average GCC and RNFL thickness and average GLV size preceded changes in the size of the abnormal GCC area.
Relationships between OCT parameters and MD, PSD, PSD, and 0.5 % depressed points
The structure-function relationships were better described by nonlinear models when visual sensitivity MD (dB) was plotted against the average thicknesses of the GCC and RNFL and also against the size of the GLV (Table 4) . Second-order polynomials best described the relationships between MD and average GCC, MD and average RNFL, and MD and GLV. Linear models best described relationships between MD and FLV and MD and abnormal areas. Relationships between PSD and average GCC thickness, RNFL thickness, FLV, and GLV were best described by the third-order regression models, whereas relationships between PSD and abnormal GCC area was best described by linear regression models (Table 5) . Second-order polynomials best described relationships between the number of depressed points with P \ 0.5 % at PSD and average GCC, average RNFL, and FLV (Table 6 ). Third-order polynomials best described relationships between the number of depressed points with P \ 0.5 % at PSD and the GLV. The relationship between number of depressed points with P \ 0.5 % at PSD and abnormal areas was best described by linear regression models.
Diagnostic values of GCC and RNFL parameters among different glaucoma severity groups
Comparisons of normal and early glaucoma groups showed that the largest AUC was for FLV and the next largest was for abnormal GCC area ( Table 7) . The difference between these two parameters was not significant (P = 0.323). AUC comparisons of the normal and early glaucoma groups showed significant differences, with P = 0.024. Significant differences were found between the AUC of RNFL and GCC parameters, e.g., with average GCC thickness (P = 0.034) and sizes of the FLV (P = 0.001), GLV (P = 0.014), and abnormal GCC area (P = 0.019).
Comparison of normal and moderate glaucoma groups showed that the two parameters with the highest AUC were the abnormal GCC areas and FLV. The difference between these two parameters was not significant (P = 0.722). AUC comparison of this group showed significant difference, with P = 0.027. Parameters with significant differences were average GCC thickness and abnormal GCC area (P = 0.006), the GLV, and the abnormal GCC area (P = 0.014). Comparisons of the normal and severe glaucoma groups showed that the abnormal GCC area and the average GCC thickness had the two highest AUCs; there were no significant differences for any parameter (P = 0.146).
Discussion
Our results show that nonlinear models demonstrate the relationships among GCC parameters better than linear models. Nonlinear relationships showed different rates of change among the GCC and RNFL parameters and that a change in one parameter may precede a change in other parameters [8] . Scatter plots (Fig. 2a, b) revealed changes in GCC and RNFL thickness parameters preceded changes in the size of abnormal GCC areas. When GCC and RNFL average thicknesses begin to decrease, the abnormal GCC areas still showed the same sizes. Our findings suggest that this may be related to the power of detecting early-stage glaucoma. Parameters that change faster than others at the early stage of glaucoma might be more sensitive for detecting early glaucomatous changes.
Nevertheless, analyses using the area under the ROC curves showed that FLV and the size of the abnormal GCC area were the more sensitive parameters for detecting glaucoma in early stage than was RNFL thickness, although the average RNFL thickness appeared to precede changes in other parameters in the early stages of glaucoma. The parameter that changed the most at the initial stage of glaucoma was not necessarily the most sensitive parameter for detecting early glaucoma. We studied the relationships between OCT parameters that represented global changes in the retina. Early changes in glaucoma usually appeared to be focal, whereas Cho et al. [22] show that the correlations between changes in the global and sectoral (superior and inferior) GCC thickness and visual sensitivity are almost the same. More specific divisions of RNFL and GCC data may have shown a higher degree of structure-function relationships. Our study also showed that a curvilinear regression model best described the relationship between visual sensitivity (dB of MD, PSD, and number of depressed points with P \ 0.5 % at PSD) to the average GCC and RNFL thickness. Previous studies show that visual-function changes are less apparent in the early stages of glaucoma and that structural changes develop before visual-function changes [4, 23] . Kim et al. [8] also assessed the relationship between visual function and macular ganglion cell complex (GCC) thickness measured by RTVue 100. We conclude that second-order regression best explained the relationship between visual sensitivity (MD and visual field index) and GCC thickness. On the other hand, the size of the abnormal GCC area exhibited linear relationships with the MD, the PSD, and the number of the depressed points with P \ 0.5 % at PSD. This means that changes in the size of the abnormal GCC area may allow clinicians to predict changes in MD and PSD much easier than changes in other GCC parameters. To confirm this, longitudinal studies must be conducted.
FLV and GLV are two new parameters that can be obtained with the software embedded in RTVue SD-OCT. They indicate the volume of GCC loss in the macular area, with differing levels of focality [7] . Theoretically, their use should improve the diagnostic power for differentiating glaucomatous eyes from normal eyes, as was found by Arintawati et al. [9] . Abnormal GLVs are risk factors for preperimetric glaucoma [9] ; however, for eyes with perimetric glaucoma, FLV and GLV have higher diagnostic accuracy than a simple average of GCC thickness [7, 9] . We also found that FLV and GLV are good parameters for detecting perimetric glaucoma. The size of the abnormal GCC areas is also a comparable parameter to GLV and FLV. Table 6 Prediction of the number of depressed points with P \ 0.5 % at pattern standard deviation (PSD) from ganglion cell complex (GCC) parameters and retinal nerve fiber layer (RNFL) average thickness in a regression analysis
Number of depressed points with P \ 0.5 % at PSD Linear first-order polynomial Peripapillary RNFL thickness has a higher sensitivity and specificity than macular retinal thickness in detecting visual field abnormalities using data obtained with timedomain OCT (TD-OCT) [23] . However, studies with SD-OCT show that measuring the GCC layer thicknesses of the macular structure improves the diagnosis of glaucoma more than the use of TD-OCT [3, 24, 25] . AUC data obtained from the SD-OCT images showed that, at the early stage of glaucoma, all GCC parameters appeared to have better diagnostic values than did the average RNFL thickness. One reason for the superior diagnostic capability is that the new technology enabled us to more accurately detect smaller changes in the macular area. We used the RNFL 3.45 mode for measuring the peripapillary RNFL thickness. This mode measures the peripapillary RNFL thickness along a circle 3.45 mm in diameter around the optic disc, as does the fast RNFL mode of TD-OCT. The Nerve Head Map (NHM4) mode in RTVue-100 OCT measures peripapillary RNFL thickness by recalculating data along a circle 3.45 mm in diameter around the optic disc, guided by a map created from en face imaging of six circular and 12 linear data inputs. Seong et al. [24] state that RNFL 3.45 and NHM4 are identical in their ability to detect glaucoma both in early and in advanced stages.
Our study is based on a cross-sectional study design, which excluded the possibility of directly comparing the speed of parameter changes. Other limitations of this study include the relatively small sample size and assessment of Japanese participants only. The role of ethnicity in determining structure-function relationships is not known. Another limitation is that we performed only single OCT examinations. However, single examinations are commonly used clinically, and earlier studies found that RTVue SD-OCT has good reproducibility and reliability [26, 27] .
In conclusion, we examined the relationships among GCC parameters: changes in thickness are larger than changes in the size of the abnormal GCC area at the initial stage of glaucoma. However, the size of the abnormal GCC area exhibits a high degree of usefulness in differentiating glaucoma from normal eyes at all stages. The size of the abnormal GCC area may be a new parameter to help diagnose and follow glaucoma patients.
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